Primary skin fibroblast cell lines from patients with Fanconi anemia were cotransfected with UVirradiated pSV2neo plasmids and high molecular weight DNA from normal human cells. Restoration of a normal cellular resistance to mitomycin C (MMC) was observed provided that a Fanconi anemia cell line is selected for DNA-mediated transformation (neo gene) and that at least two successive rounds of transfection are performed. Cells were selected by taking advantage of the higher proliferation rate and plating efficiency of the MMC resistant transformants. As estimated from reconstruction experiments, the frequency of transfer of MMC resistance lies between 1 and 30 X 10-. The MMC resistance phenotype was maintained for at least 10 generations following transfection. Evidence for DNA-mediated transformation also includes the recovery of a normal pattern of DNA semiconservative synthesis after treatment with 8-methoxypsoralen and 365-nm UV irradiation, and the presence of exogenous pSV2neo DNA sequences was shown by Southern blot analysis. The acquired MMC resistance is probably due to the presence of DNA from normal cells. Indeed, sensitivity to MMC was maintained when Fanconi anemia cells were cotransfected with the UV-irradiated pSV2neo plasmid mixed with their own DNA or with yeast or salmon sperm DNA. These negative results also render unlikely the selection of spontaneous MMC resistant revertants in transfection of Fanconi anemia cells with normal DNA. These experiments establish the prerequisites for the isolation of the gene(s) involved in the response to DNA crosslinking lesions in human cells.
ABSTRACT
Primary skin fibroblast cell lines from patients with Fanconi anemia were cotransfected with UVirradiated pSV2neo plasmids and high molecular weight DNA from normal human cells. Restoration of a normal cellular resistance to mitomycin C (MMC) was observed provided that a Fanconi anemia cell line is selected for DNA-mediated transformation (neo gene) and that at least two successive rounds of transfection are performed. Cells were selected by taking advantage of the higher proliferation rate and plating efficiency of the MMC resistant transformants. As estimated from reconstruction experiments, the frequency of transfer of MMC resistance lies between 1 and 30 X 10-. The MMC resistance phenotype was maintained for at least 10 generations following transfection. Evidence for DNA-mediated transformation also includes the recovery of a normal pattern of DNA semiconservative synthesis after treatment with 8-methoxypsoralen and 365-nm UV irradiation, and the presence of exogenous pSV2neo DNA sequences was shown by Southern blot analysis. The acquired MMC resistance is probably due to the presence of DNA from normal cells. Indeed, sensitivity to MMC was maintained when Fanconi anemia cells were cotransfected with the UV-irradiated pSV2neo plasmid mixed with their own DNA or with yeast or salmon sperm DNA. These negative results also render unlikely the selection of spontaneous MMC resistant revertants in transfection of Fanconi anemia cells with normal DNA. These experiments establish the prerequisites for the isolation of the gene(s) involved in the response to DNA crosslinking lesions in human cells.
Fanconi anemia (FA) is an autosomal recessive disorder in which patients show pancytopenia and predisposition to leukemia and carcinoma (1, 2) . These patients show a high level of chromatid-type damage in their lymphocytes and fibroblasts (2) (3) (4) . Cultured FA cells are unusually sensitive to DNA crosslinking agents by chromosomal criteria (5) (6) (7) (8) (9) and by clonogenic cell survival (10) (11) (12) (13) (14) whereas their sensitivity to monofunctional agents or to radiation is close to normal (12, 15) .
A number of antitumor drugs and environmental pollutants produce interstrand crosslinks in DNA. Hence, it is important to understand the consequences of such lesions. Since FA is characterized by an almost specific sensitivity to DNA crosslinking agents it may serve as a model system for research in this area. The nature of the repair defect in FA cells is, however, still debated (11, 14, (16) (17) (18) . Heterogeneous responses of various FA cell lines to a DNA crosslinking treatment (19) and the presence of at least two complementation groups in FA (20) has been shown. However, almost nothing is known about the chromosomal location, expression, and regulation of the genes controlling sensitivity of human cells to DNA crosslinking agents. To investigate these aspects, a project aimed at the isolation of the genes involved was initiated, and we established conditions for the DNA-mediated transfer and expression of wild-type genes in FA cell lines. The isolation and characterization of the transformed population obtained are described here.
MATERIALS AND METHODS
Cell Lines and Cell Cultures. Three FA primary skin fibroblast cell lines: FA 150, FA 121, and FA 109 were obtained from R. Voss (Hadassah Hospital, Jerusalem). The normal cell line 1BR3 was obtained from C. Arlett (MRC, University of Sussex, UK), Jacquot skin fibroblasts were started in our laboratory from a 7-year-old male child, and HT-1080 human fibrosarcoma cell line was from ATCC (Rockville, MD). TK6-MA, a human lymphoblastoid cell line, was obtained from W. Thilly (MIT, Boston). The characteristics of the FA and Jacquot cell lines have been described (19 (25) . In all experiments the pSV2neo plasmid was UV irradiated (254 nm) at a dose of 200 J/m2, which causes an increase in the yield of transformants (26) . After 4 hr of adsorption the medium was removed, and the cells subjected to a 2-min shock with 15% (vol/vol) glycerol in MEM. The glycerol was removed, and the cells washed twice with MEM plus 0.5% fetal calf serum. The cultures were then incubated in MEM for a week with a medium change every 3 days. At this stage the cells were again transfected and processed as above. For selection of G418-resistant transferants, a week after the second transfection, the medium was replaced by MEM containing geneticin at 400 4g/ml (GIBCO). After MMCR fraction was never observed. In these cases the ratios of LD37 values of transfected over those of nontransfected populations ranged between 1 and 1.4 (Fig. 2) . This implies that the plasmid by itself or the mock transfection do not confer MMC resistance. Among 10 transfection experiments performed with intact normal DNA, 3 experiments with DNA from the fibroblast cell line Jacquot (2) and from the lymphoblastoid cell line TK6 (1) gave positive results-i.e., showed the presence of MMCR cells as in Fig. 2-and Fig. 2 the survival curves still had a tail, and the break in the curve was at a higher survival level indicating an enriched MMCR population. In other words, the MMC resistance was retained after several cell divisions.
After treatment of the FA 150-transfected cells with MMC at 0.025 ,ug/ml for 1 hr, survivors were grown for four generations and subjected to MMC again. The survival curves are indicative for a homogeneous population of cells with a normal resistance to MMC (Fig. 2) (Fig. 3 ) similar to those following transfection with normal DNA (Fig. 2) normal cells cannot explain this result. By cocultivation of FA and normal cells at a 1:2 ratio, which is much higher than in our case, an increase in chromosomal aberrations in the normal cells and only a slight correction in FA cells were observed (34) . The higher growth rate and plating efficiency of MMCR cells seems to account for the data (Fig. 3) .
Comparison of survival curves of FA cells transfected with normal DNA (Fig. 2) and reconstruction survival curves (Fig.  3) indicates that the proportion of corrected FA 150 cells in transfection experiments may be 10-to (19) . The maximal standard deviation on each point is ± 6%. digested DNA from untransfected FA cells (Fig. 5, lanes a  and b) . The pSV2neo probe hybridized weakly, but reproduc- (29, 41) and is in the order of that expected for other genes transferred with high molecular weight DNA (42) (43) (44) Attempts using DNA-mediated gene transfer failed to restore normal repair capacity in defective human fibroblasts (for review see ref. 31 ) with the exception of experiments performed on a xeroderma pigmentosum cell line (45) , which have never been reproduced by others. Several factors may explain these failures (i) the low capacity of these cells to integrate exogenous DNA (31), (ii) the selection procedure that favors isolation of revertants (31, 44) , (iii) the use of simian virus 40-transformed cells in which the presence ofthe simian virus 40 genome causes translocation, deletions, and mutations of the host genome (46, 47) , possibly including the repair gene to be corrected. We have attempted to overcome part of these difficulties by using nontransformed fibroblasts and a selection procedure that takes into account the cellular properties of FA.
Since the correction of the FA defect by gene transfer with normal high molecular weight DNA has been achieved, it is now possible to envisage the cloning of the gene(s) involved.
